Estradiol is a steroid hormone that binds and activates estradiol receptors. Activation of these receptors is known to modulate neuronal physiology and provide neuroprotection, but it is not completely understood how estradiol mediates these actions on the nervous system. Activation of a sub-population of estradiol receptor-α (ERα), originally identified as a nuclear protein, localizes to the plasma membrane and appears to be a critical step in neuroprotection against brain injury and disease. Previously we showed that estradiol stimulates the rapid and transient trafficking of plasma membrane ERα in primary hypothalamic neurons, and internalization of membrane-impermeant estradiol (E6BSA-FITC) into cortical neuron endosomes in vitro. These findings support the concept that estradiol activates and downregulates plasma membrane ERa by triggering endocytosis. Here, we use TIRFM (total internal reflection fluorescence microscopy) to image the trafficking of E6BSA-FITC, and GFP-labeled ERα, in live cells in real time. We show that activation of plasma membrane ERs by E6BSA-FITC result in internalization of the fluorescent ligand in live N-38 neurons, an immortalized hypothalamic cell line. Pretreatment with ER antagonist ICI 182,780 decreased the number of E6BSA-FITC labeled puncta observed. We also observed in live N-38 neurons that E6BSA-FITC co-localized with FM4-64 and LysoTracker fluorescent dyes that label endosomes and lysosomes. Our results provide further evidence that plasma membrane ERa activation results in endocytosis of the receptor.
Introduction
Estradiol is a sex steroid hormone involved in central nervous system organization and activation [1] . Estradiol carries out its actions by activating estrogen receptors (ERs), of which there are two classes, ERα and ERβ. In the brain both ERs are expressed within the nucleus and cytoplasm, as well as localized to the plasma membrane of neurons and astrocytes [2] . Moreover, evidence suggests that other ER-like membrane receptors (e.g. GPR30, ER-X, mGq-ER) can also become activated upon estradiol binding [3, 4] .
ERs are part of a family of ligand-activated transcription factors. When intracellular ERs become active by ligand binding they form dimers that then travel to the nucleus and bind to DNA regions containing estrogen-sensitive promoter sequences [5] . In contrast to this genomic mechanism, studies have shown that ERs present at the plasma membrane can rapidly trigger the activation of ion channels and second messenger systems, even in the presence of protein synthesis inhibitors, by a mechanism that is not completely understood [6] [7] [8] [9] .
Membrane receptors as a group are regulated through transcription and by trafficking. Removal of receptors from the cell membrane via internalization is a well-characterized mechanism of receptor signal termination [10] . Internalized receptors are transported to endosomes where the ligand is released from the receptor and is then sorted for either recycling back to the membrane or degradation [11] . Trafficking of membrane ERs has thus far been difficult to observe, however there is compelling evidence that activated membrane ERs can be inserted into and internalized from the plasma membranes in primary hypothalamic neurons and astrocytes [12] [13] [14] .
To study receptor trafficking investigators have used biochemical and histochemical techniques to track the localization of the receptor or a receptor-specific ligand. Using cell surface biotinylation and western blotting we previously found that estradiol treatment for 30 minutes significantly increased the levels of full-length ERα and the ERαΔ4 splice variant present on the plasma membrane of primary native hypothalamic neurons and N-38 neurons [4, 14] . N-38 neurons are immortalized neuropeptide-Y secreting neurons derived from the arcuate nucleus of the hypothalamus of mice and they serve as an accepted model for studies of mechanisms involved in estradiol signaling [4, 15, 16] . While these biochemical studies have shown that active fulllength ERα is rapidly trafficked into and out of the plasma membrane, there have been few attempts to visualize this process, particularly in live neurons [17] . In the present study we use live N-38 neurons and total internal reflection fluorescence microscopy (TIRFM) to image the trafficking of the membrane impermeant ER-ligand E6BSA-FITC and image GFP-ERα near or at the cell surface in real time. For example, similar studies examining nicotinic acetylcholine receptor trafficking have used the receptor-specific ligand α-bungarotoxin in real-time [18] [19] [20] .
TIRFM is ideal for studying estradiol stimulated trafficking of plasma membrane ER in living cells because it gives high-contrast, real-time images of fluorescent molecules on and just within the cell basal surface. TIRFM is an established method to image the basal surface, or "footprints," of cells adhered to a glass substrate without the background fluorescence contamination typical of other imaging methods, making it ideal for visualizing small fluorescent structures and kinetic events near the cell membrane such as trafficking, endocytosis, and exocytosis [e.g. [21] [22] [23] . TIRFM relies on light incident at the coverslip-cell interface at an angle greater than the critical to generate an evanescent (exponentially decaying) light wave perpendicular to the coverslip surface to excite flurophores. The light intensity drops off quickly, and is characterized by a "penetration depth" of ~100 nm ( Figures 1A and 1B ). For these experiments, we used "through-theobjective" TIRFM [21] , where excitation light is delivered to the cell through a high NA (numerical aperture) objective at an angle greater than the critical angle, and fluorescence excited is collected through the same objective ( Figure 1A ).
Here, particle analysis of TIRFM images of N-38 neurons showed E6BSA-FITC at the cell surface. The binding of E6BSA-FITC was blocked by pretreatment with the ER antagonist ICI 182,780. Furthermore, using sequential TIRFM images acquired in real time, we were able to track fluorescent E6BSA-FITC particles, and show that trafficking of the fluorescent ligand in and out of the plasma membrane occurred rapidly within seconds. Additionally, we could visualize GFP-labeled ERα in live cells, and show that the receptor, or internalized E6BSA-FITC, colocalized with fluorescently-labeled lysosomes, endosomes, and vesicles. Treatment of live N-38 neurons with E6BSA-FITC and TIRFM revealed that fluorescent ER-ligand could be visualized at a temporal and spatial scale not before reported for plasma membrane ER regulation.
Material and Methods

N-38 cultures and fluorescence assays
Cultures were prepared from a frozen stock of N-38 neurons (Cellutions Biosystems, Burlington, ON, Canada) and cultured on custom coverslip-bottom (#1 thickness) cell culture dishes. Cells were maintained in Dulbecco's Modified Eagle Medium (DMEM; 4.5 g/l glucose, L-glutamine, sodium pyruvate, 1% penicillin/streptomycin; Cellgro, Manassas, VA) with 10% heat inactivated fetal bovine serum (Invitrogen) at 37°C with 5% CO 2 . One week prior to experimentation, a stock solution of 10 mg/ml E6BSA-FITC was diluted with sterile 0.9% saline and prepared using an ultracentrifugation protocol to reduce free estradiol [24] and then stored at -20°C until use. Control BSA-FITC (Sigma) was prepared in a similar manner. On day 3 after plating, cultures were washed twice with phosphate buffer solution (PBS; 1 mM Ca2+, 1 mM Mg2+, pH 7.2) and then steroid-starved in DMEM with ITS (approximately 21 mg/L insulin, 19/L mg transferrin, 25 μg/L sodium selenite; Sigma) 24 h prior to any experimental treatments. On day 4, cultures were treated for 30 min with 1 μg/ml fluorescein- 
Total internal reflection fluorescence microscopy
A custom-built laser TIRF microscope, based on an Olympus IX70 inverted microscope platform, was used to observe the cells [26] . Cells were illuminated with 488 nm light from an Argon laser (Coherent Inc, Santa Clara, CA) and/or 561 nm laser light through a high NA objective (α Plan-FLUAR 100X oil; NA 1.45, Ziess) utilizing a green/red dualbandpass dichroic (XF2046; Omega). Laser light was incident on the coverslip at an angle greater than the critical angle such that evanescent light was generated in a shallow layer (~100 nm) above the coverslip. Fluorescence was collected through the same objective, passed through a Dual-View image splitter (Optical Insights) with 560 nm dichroic and HQ 515/30 m and D605/55 m (Chroma) emission filters, and imaged with a Cascade 512B EMCCD camera (Roper; operated with Metamorph 4.6, Universal Imaging). Images were acquired at room temperature.
Image Acquisition and particle analysis
Single images and sequential image series (sets of 500 frames at 4 Hz, 250 ms exposure per frame) were acquired for analyses. Analysis of images was performed using ImageJ64 (1.45e) software. For particle analysis (number FITC puncta, the area of FITC puncta coverage, and FITC puncta size), single images were thresholded (intermodes), then fluorescent puncta were found using ImageJ's buit-in routines. Particle sizes of less then 2 pixels 2 (1 pixel=165 nm) were considered artifacts and excluded from the analyses. Fluorescent particles observed during image sequences were analyzed using the MTrackJ (1.4.1) plug-in for ImageJ64 [27] . Single frame steps (from a sequence of 100 frames or 25 sec) along with local cursor snapping during tracking with a snap range of 13x13 pixels and bright centroid snap feature was used to track fluorescent puncta motion. Puncta were tracked for the duration they were visible in the image sequence. The Cairn Image-Splitter plug-in was used to align images for dual-color TIRFM experiments. 
Statistical analysis
A one-way ANOVA followed by a Bonferroni post hoc test were used to compare the statistical significance between multiple experimental treatment groups. Significance values were calculated using Bonferroni Multiple Comparison Test unless otherwise stated. Data were analyzed using GraphPad Prism 4 software (GraphPad Software, La Jolla, CA), and significance level was set at p<0.05 for all experimental data sets.
Results
TIRFM imaging of live E6BSA-FITC treated N-38 neurons
TIRFM was used to visualize the binding and internalization of E6BSA-FITC to plasma membrane ERs (Figure 2A ). After 30 minutes of treatment imaging showed the formation and aggregation of E6BSA-FITC fluorescent molecules on the cell surface. Visually over time this appears as the formation of different sized spots of fluorescent label on the cell surface and cytoplasm [28, 29] . BSA-FITC was also tested (bovine serum albumin-fluorescein isothio-cyanate) to determine if either BSA or FITC artifactually caused binding to the plasma membrane.
Particle analysis of fluorescent puncta (3 independent experiments with 4 or more cells imaged per condition) revealed that among the N-38 neurons treated with E6BSA-FITC 8 of 12 cells (~67%) imaged contained several fluorescent puncta ( Figure 2B ), whereas among cells treated with BSA-FITC only 9 of 27 cells (~33%) contained puncta. Further, of those cells containing fluorescent puncta, there were significantly fewer puncta in BSA-FITC treated control cells than E6BSA-FITC treated cells (ANOVAp <0.0001, F (3, 31) =18. 19 ). On average 5.875 ± 0.972 (n=8 cells) fluorescent puncta were present in E6BSA-FITC treated cells compared to only 0.556 ± 0.242/cell for BSA-FITC (1 µg/ml; n=9 cells). Continuous E6BSA-FITC treatment for >60 min resulted in a decrease number of E6BSA-FITC puncta present near the plasma membrane per cell to 3.2 ± 0.327 (n=10 cells).
E6BSA-FITC specificity was examined by pre-treating cultures with the ER antagonist ICI 182,780 (ICI). We observed that ICI decreased the number of E6BSA-FITC fluorescent molecules present on the plasma membrane per N-38 neuron (2.125 ± 0.295; n=8 cells), but did not decrease the number of cells containing fluorescent molecules (8 of 11 cells; ~73%). Our TIRFM data suggest that E6BSA-FITC binds and becomes internalized ( Figure 2C ), presumably by binding to ERα proteins as well as other estradiol binding proteins present on the cell surface of N-38 neurons.
While it is not known exactly how many ERa receptors are expressed on the cell surface [30] , less than 5% of total ERα has been observed to localize to the plasma membrane of Chinese hamster ovary cells [31] . We chose to analyze fluorescent puncta smaller than or equal to 330 nm (2 × 2 pixels, calibrated at 1 pixel=165 nm). It is unclear whether the select fluorescent puncta we observed (220-330 nm) represent single E6BSA-FITC molecules because the ER ligand contains more than one FITC label (3-5 mol FITC per mol of BSA). Complicating matters, each BSA molecule contains several estradiol molecules that may not bind (thus we use molar excess levels of E6BSA-FITC) and that may bind to one or more ERs [5-10 mol estradiol per mol of BSA; 24,32,33].
TIRFM shows GFP-ERα associated with endosomes, lysosomes, and vesicles
In a separate set of experiments, N-38 neurons expressing human ERa linked to green fluorescent protein (GFP-ERα) colocalized with puncta labeled with either FM4-64 (membrane marker) or Lysotracker Red ( Figures 3A and 3B ). For comparison, E6BSA-FITC treated cells were co-labeled with FM4-64 ( Figure 3C ). FM4-64 is a lipophilic styryl dye that becomes fluorescent upon insertion into the plasma membrane and is routinely used for tracking membranes endocytosed from the plasma membrane [21, 34] . FM4-64 belongs to a class of cellimpermeable fluorescent labels (FM dyes) that intercalates into the outer leaflet of the plasma membrane. In order for the label to appear inside the cell, the membrane to which it is bound must be internalized (endocytosed) [35] [36] [37] . LysoTracker Red is a fluorescent compound that permeates the plasma membranes of live cells and accumulates in low pH compartments, making it ideal for identifying acidic organelles [38] such as lysosomes and exocytic vesicles. Together our findings strongly suggest that estradiol treatment results in the endocytosis of plasma membrane ERs in N-38 neurons.
Tracking the motion of E6BSA-FITC fluorescent molecules with TIRFM
The tracking of fluorescent E6BSA-FITC puncta, using sequential TIRFM image frames, uncovered that E6BSA-FITC is rapidly (within seconds) trafficked not only inward, but also toward the cell surface, as well as laterally ( Figures 4A and 4B ). We classified observed puncta based on their movement characteristics and changes in fluorescence intensity. Many of the E6BSA-FITC puncta observed, which we designated "Stationary Puncta," did not move appreciably in any given direction. A few puncta moved laterally adjacent to the plasma membrane with a directed motion as if moving along a defined path, traveling an average of 1,314 ±351 nm. These puncta would occasionally halt and resume motion at random intervals. A few others, after stopping for several seconds, would move over long distances with dimming fluorescence intensity before disappearing (average time to disappear was 11.87 ± 0.519 sec). Taken together, we called these traveling puncta "Type 1 Puncta." An example vesicle path is shown in Figure 4A . Other fluorescent E6BSA-FITC puncta, designated "Type 2 Puncta," would rapidly appear (increase in fluorescence intensity over 7.94 ± 1.403 sec on average) out of the dark interior of the cell beyond the evanescent illumination field, linger without movement in any favored direction (moving an average of 311.8 ±64.57 nm) before rapidly brightening considerably and then quickly vanishing ( Figure 4B ). Type 1 puncta were significantly more mobile than Type 2 or stationary puncta ( Figure 4C ; ANOVA p<0.0001, F (2, 22) =12.23). However, we found that if the puncta moved at all, they moved with a consistent velocity, as can be seen for Type 1 and 2 puncta, compared with the stationary puncta group ( Figure 4D ).
Because many Type 1 puncta slowly dim as they move over time, implying movement up into the cell out of the evanescent field, we interpret these puncta as endocytotic vesicle trafficking ( Figure 4A ). Type 2 puncta, with their characteristic sudden brightening and rapid disappearance ( Figure 4B ), are consistent with vesicles fusing with the plasma membrane in exocytotic events. Furthermore, it is well known that FITC fluorescence is pH sensitive (FITC has a pKa ~6.4) and fluorescence intensity is significantly increased at pH 7 or above. Exocytotic vesicles are often acidic, with a pH~5.5-6, which would cause a dimming of the fluorescence observed, until exocytosis occurs, wherein the pH the FITC experienced would rapidly increase to extracellular pH level (7.3 in these experiments), resulting in a sudden brightening of fluorescence before the released molecules diffuse away. Together, these observations are consistent with reports of vesicle trafficking, endocytosis, and exocytosis in other experimental models [see for example 21] .
Discussion
In the present study, we investigated the regulation of plasma membrane ER trafficking using live N-38 neurons and TIRFM to trace the path of estradiol as it bound to ERs and rapidly traveled to and from the cell surface in real time. Using the combination of live cells and real-time imaging has permitted us to maintain cellular integrity and allowed us to obtain detailed information about the time scale and spatial distribution of ERs after activation. We found that: 1) E6BSA-FITC binds to the plasma membrane of N-38 neurons and is then internalized, 2) bound E6BSA-FITC moves in distinct patterns on and near the cell surface consistent with endocytotic and exocytotic events, and 3) E6BSA-FITC and GFP-ERα are associated with FM4-64 and LysoTracker positive endosomes, vesicles, and lysosomes. These results indicate that membrane-initiated ERα activation in live N-38 neurons causes rapid trafficking of the receptor at the cell surface. This is consistent with our previous studies using cell surface biotinylation where we found that estradiol or E6BSA treatment elevated full-length ERα and ERαΔ4 protein levels on the plasma membrane of primary hypothalamic and N-38 neurons [4, 14] .
Our findings suggest ERs are trafficked at the plasma membrane of N-38 neurons by a mechanism associated with vesicle trafficking ( Figure 2C ). Using TIRFM we observed E6BSA-FITC present on the plasma membrane and associated with endosomes, vesicles, and lysosomes. Pre-treatment with ER antagonist ICI prevented E6BSA-FITC from binding, possibly by down-regulating plasma membrane ERs [39] . Using surface biotinylation we previously found that ERα trafficking is blocked by ICI or with the protein kinase C pathway inhibitor bisindolylmaleimide in N-38 neurons [4] . Membraneimpermeant estradiol compounds are known to be internalized several minutes after treatment (>5-30 min) and the ligands have been observed to be bound to subcellular organelle membranes in different cell types [40] [41] [42] [43] . Similar to the observations made by other investigators, we do not observe a significant level of BSA-FITC binding to the plasma membrane and internalization [44, 45] . Our data suggest that plasma membrane ERs are internalized after ligand binding by endocytosis. In support, it was shown that when E6BSA-FITC treated primary cortical neurons were co-labeled with GM1, a lipid raft marker and endocytosis-indicator, we found the ER ligand and lipid raft indicator associated on the cell surface and with endosomes [46] .
Several biochemical and electrophysiological studies provide evidence that membrane-initiated estradiol signaling regulates female reproductive behaviors by controlling the trafficking neurotransmitter receptors in hypothalamic neurons [2, 10] . Estradiol triggered receptor trafficking may also be involved in hippocampal plasticity [46] [47] [48] , and estradiol treatment has been reported to induce pit formation on the membranes of hypothalamic neurons [49, 50] . Such pits may represent the fission of endocytotic pits responsible for receptor internalization and fusion exocytotic vesicles delivering ERα to the membrane [42, [49] [50] [51] . Moreover, membrane ERα is associated with caveolae [52] and clathrin-coated vesicles [41, 53] . Both these cellular membrane structures are lipid rich microdomains that cluster signal transduction machinery and proteins involved in membrane trafficking. Prior studies support the presence of both ERα and ERβ on the plasma membrane and the membranes of vesicles, endosomes, mitochondria, lysosomes, and microsomes [46, [54] [55] [56] [57] [58] . Evidence also exists that shows the presence of other ER-like proteins present on the plasma membranes and organelles of neurons [6] . Our data, visualized in live N-38 neurons in real-time, further supports this view.
The movement of Type 1, Type 2, and stationary puncta is consistent with vesicle motion observed in other cell types with TIRFM [59] , which supports the idea that E6BSA-FITC is taken up and released from vesicular and/or endosomal compartments. Similarly, trafficking of ERα at the cell surface has also been observed in primary hypothalamic neurons [14] . Interestingly, previous work in our lab [60] , reported that vesicle motion characteristics depended on the age of the vesicles in adrenal chromaffin cells, with the older vesicles moving greater distances, but with a lower likelihood of exocytosis, than newer vesicles. This is also consistent with our observations, where we see the type 2 puncta move shorter distances than the type 1, and are observed to exocytose, although we cannot comment about the relative ages of type 1 and 2 puncta. Furthermore, fluorescence patterns of type 1 and 2 puncta over time are consistent with that reported in previous studies of exo-and endocytosis in other cell types [60] [61] [62] [63] [64] .
It is not completely clear how ERα is regulated at the cell surface. The association of GFP-ERα with LysoTracker positive vesicles suggests the receptor is associated with lysosomes. Like other membrane receptors, plasma membrane ERα is likely regulated by a cellular mechanism associated with receptor trafficking. While definitive evidence has yet to be reported several questions remain such as how are plasma membrane ERs regulated at the plasma membrane. Evidence shows that portions of ERα protein structure biophysically interact with lipids in the bilayer and it potentially forms a transmembrane spanning region [17, 65] . Cell surface biotinylation experiments have also made this point evident. The ability to biotinylate ERα protein suggests a portion of the receptor protein is exposed to the extracellular space [12, 46, 66, 67] . In neurons and cell lines palmitoylation has been shown to regulate membrane localization, ERα degradation and transcriptional activity [68] [69] [70] . We have found that ERα forms a signaling complex with β-arrestin1, an adaptor protein involved in receptor desensitization and down-regulation [46] . One sign of this pathway is the activation of GRKs and receptor phosphorylation. We have shown the activation of GRK2 by estradiol [46] and a recent study has reported that phosphorylation of active ERα on serine residue 118 and tyrosine residue 537 results in the receptor being directed toward degradation [69, 71] . Existing evidence and that presented here suggest that estradiol regulates the ERα plasma membrane levels by modulating the receptors' expression through trafficking and down-regulation.
In summary, using TIRFM we demonstrated in real-time the trafficking of E6BSA-FITC in N-38 neurons. Our data provides further evidence that membrane-initiated ERα signaling present in N-38 neurons is regulated by a similar mechanism present in different neuronal populations. Additionally, we have shown that the use of TIRFM in combination with N-38 neurons provides a model system to examine real-time membrane-initiated receptor trafficking at the cellular level. We hypothesize that membrane-initiated estradiol signaling involves the fusing of plasma membrane and formation of ERα-containing endosomes. 
